Magnetic resonance imaging is a noninvasive imaging modality with high spatial and temporal resolution. Contrast agents (CAs) are frequently used to increase the contrast between tissues of interest. To increase the effectiveness of MR agents, small molecule CAs have been attached to macromolecules. We have created a family of biodegradable, macromolecular CAs based on protein polymers, allowing control over the CA properties. The protein polymers are monodisperse, random coil, and contain evenly spaced lysines that serve as reactive sites for Gd(III) chelates. The exact sequence and length of the protein can be specified, enabling controlled variation in lysine spacing and molecular weight. Relaxivity could be modulated by changing protein polymer length and lysine spacing. Relaxivities of up to ∼14 mM -1 s -1 per Gd(III) and ∼461 mM -1 s -1 per conjugate were observed. These CAs are biodegradable by incubation with plasmin, such that they can be easily excreted after use. They do not reduce cell viability, a prerequisite for future in vivo studies. The protein polymer CAs can be customized for different clinical diagnostic applications, including biomaterial tracking, as a balanced agent with high relaxivity and appropriate molar mass.
Introduction
Engineered biomaterials have been developed for degradable hydrogels and advanced drug delivery, but to fully assess their effectiveness, there is a need to track their fate in vivo, noninvasively. Magnetic resonance imaging (MRI), with its high temporal and spatial resolution, high soft tissue contrast, and favorable safety profile, is an excellent imaging modality for repeated noninvasive assessment of biomaterials in vivo. 1 Contrast agents (CAs), which increase the relaxation rate of water molecules and can help to increase the contrast between tissues of interest, are widely used in experimental and clinical settings. 2 Similarly, CAs incorporated into biomaterials can distinguish their location from surrounding tissues. Clinically used CAs based on gadolinium [Gd(III)] are comprised of a [Gd(III)] ion chelated by a small organic molecule (to reduce the toxicity associated with the free [Gd(III)] ion) 3 but are not optimized to generate maximum contrast.
The efficiency of a MRI CA at relaxing surrounding protons is given by its relaxivity, which describes the change in relaxation rate in the surrounding protons per unit of agent concentration. 4 According to Solomon-Bloembergen-Morgan theory, three variables are the main contributors to relaxivity: τ R , the rotational correlation time (related to the tumbling rate of the molecule); q, the number of water molecules bound to each Gd(III) ion; and τ M , the time each water molecule spends bound to the metal ion. 4 At clinical magnetic field strengths, τ R dominates relaxation rates. 5 Numerous research groups have focused on macromolecular CAs to produce a high molar mass conjugate with multiple Gd(III) ions attached. 3 The large size of these CAs slows molecular tumbling, increasing τ R and, hence, yielding a higher relaxivity. The presence of multiple Gd(III) ions per molecule increases the local Gd(III) concentration. Previously reported macromolecular CAs include synthetic linear and branched polymers, [6] [7] [8] [9] [10] proteins, 11, 12 polysaccharides, 13 viral capsids, 14, 15 nanoparticles, 16, 17 and liposomes. 18 While these macromolecular agents have increased relaxivity compared to small-molecule CAs, a number of limitations remain. Polydispersity is a major disadvantage of modified synthetic polymers and polysaccharides (e.g., dextran). 19 In dynamic contrast-enhanced MRI, CA polydispersity complicates analysis of permeability and makes comparisons unreliable. 20 The large size of viral capsids and nanoparticles can result in greater diffusion barriers and higher likelihood of immune response. 21, 22 In some applications, macromolecular agents with intermediate molecular weights are required, such as in imaging angiogenesis, where it is important to visualize small-diameter blood vessels. 23 A drawback of most macromolecular CAs is that they are not biodegradable. This creates concern because molecules greater than 69 kDa are typically too large to be eliminated through renal glomerular filtration, 24 and some studies have shown that macromolecular CAs are not entirely cleared. 11, 25 A longer in vivo residence time allows an extended period for metal-chelator dissociation and may increase the likelihood that the agent will leach Gd(III) ions.
Biodegradable macromolecular CAs offer enhanced contrast and circulation time, while degrading into safely excretable molecules within an appropriate time window. Lu and coworkers have created a series of macromolecular CAs with a cleavable disulfide linker that is broken down by endogenous thiols such as cysteine and glutathione. addition of polyethylene glycol and structural changes to sterically hinder the disulfide bond, these CAs degraded rapidly, resulting in significantly lower MR signal intensity 30 min after injection. 27, 30 We have developed an alternative to synthetic or natural polymers in the form of biodegradable, multivalent, macromolecular CAs based on protein polymers. Genetically engineered and recombinantly expressed protein polymers consist of a repeated amino acid monomer unit. 31 The DNA template from which the bacterial host synthesizes the protein can be precisely specified through cloning techniques. The resulting bacterially expressed, affinity-purified protein polymers are monodisperse, biodegradable, and precisely controlled in terms of sequence, stereochemistry, length, and fold, all favorable properties for CAs. Previously, we have demonstrated the use of lysinecontaining, random-coil protein polymers as scaffolding substrates for the conjugation and presentation of various biologically active moieties. 32 We illustrated the flexibility of this protein polymer scaffolding system by demonstrating the creation of various bioconjugate constructs with differing reactive site spacing and protein length.
Here, we make use of different, specified protein sequences and lengths to investigate the properties of a family of previously reported protein polymer-based MRI contrast agents that can be used to track hydrogel degradation, among other applications. 33 Specifically, we analyze the effects of varying the lysine spacing and protein molar mass on the properties (particularly relaxivity) of a contrast agent with Gd(III) chelators conjugated onto some fraction of the lysines that are evenly spaced with the protein polymer. We show that both the protein's molar mass and the lysine spacing affect relaxivity, and we attribute this observation to changes in the rotational correlation time, τ R , of the bioconjugates. Further, we show that these agents are biodegradable and nontoxic to cells. Our results indicate that the protein polymer contrast agents (PPCAs) described herein can be precisely tuned to create customizable CAs for clinical needs and, moreover, have the capacity for further functionalization and incorporation of bioactive moieties.
Experimental Methods
Materials. Unless otherwise stated, all chemicals are purchased from Sigma-Aldrich, Inc. (St. Louis, MO).
Protein Production. Concatenated DNA templates and the corresponding protein polymers were obtained as described previously. 32 Briefly, the genes encoding the protein polymers were constructed using the controlled cloning method 34 and inserted into modified pET-19b (Novagen, Gibbstown, NJ) plasmids, which then were transformed into BLR(DE3) (Novagen) cells. Cells were cultured in Terrific Broth (Novagen), and the protein was harvested after 4 h by centrifugation. The protein polymers were purified with affinity chromatography using Chelating Sepharose Fast Flow nickel-charged resin (GE Healthcare, Piscataway, NJ), under denaturing conditions with competitive elution using imidazole (Fisher Scientific). SDS-PAGE analysis was used to identify the elution fractions containing protein, and these fractions were first dialyzed against distilled, deionized water and then lyophilized. The molar mass of the protein polymers was determined and confirmed to match the expected molar mass based on the original gene that was expressed using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) on a Perseptive Biosystems Voyager Pro DE at Northwestern University's Integrated Molecular Structure Education and Research Center (IMSERC). A 10 mg/mL sinapinic acid matrix in 50% acetonitrile with 0.1% trifluoroacetic acid (TFA) was used.
The protein polymers include a 10X histidine tag (GH 10 SSG-HIDDDDKHM) and the amino acid sequences are as follows where n is the number of repeats of the monomer unit in parentheses. The number of monomer repeats ranges from 30 to 120: K4, GH 10 SSG-HIDDDDKHM(GKGSGKGA) n G; K6, GH 10 SSGHIDDDDKHM(GK-GTGA) n G; K8, GH 10 SSGHIDDDDKHM(GKAGTGSA) n G.
By naming convention, we use the lysine spacing followed by the number of repeats in the format Kx -n, for example, K8-120 for the protein with 120 repeats of the sequence that contains lysines spaced eight amino acids apart.
Contrast Agent Conjugation and Characterization. Gd(III) chelators were conjugated to lysine-containing protein polymers using a protocol similar to literature procedures, but slightly modified. 33 The protein polymer was dissolved in 0.1 M 4-morpholineethanesulfonic acid (MES) at 1 mg/mL. A 2× molar excess of Gd(III)-1,4,7-tris(carboxymethyl)-10-carboxybutyl-1,4,7,10-tetraazacyclododecane [Gd(III)-DO3A], was used with ∼29× molar excess of 1-ethyl-3-carbodiimide hydrochloride (EDC, Fisher Scientific) and ∼29× molar excess of N-hydroxysulfosuccinimide (sulfo-NHS, Fisher Scientific). After initial optimization, the pH of the solution was adjusted to 6.5. The reaction was allowed to proceed for 24 h, and then the solution was dialyzed against distilled, deionized water inside regenerated cellulose Spectra/Por tubing with a 12-14 kDa molar mass cutoff (Fisher Scientific) for ∼48 h. MALDI-TOF was used to determine the average number of Gd(III) chelators conjugated to the protein polymer, using a sinipinic acid matrix dissolved in 50:50 acetonitrile/water. The protein polymer molar mass was subtracted from the conjugate's molar mass, and divided by the known Gd(III)-DO3A chelator molar mass (585.6 g/mol) to obtain the average degree of valency. Conjugation efficiency, as a percentage, is defined as the number of Gd(III)-DO3A conjugates on a PPCA divided by the total number of reactive lysine sites, multiplied by 100.
The K8-30 CA was analyzed by cation exchange chromatography on an FPLC system with FPLC Director software (GE Healthcare) at Ohmx Corporation. The CA was dissolved at 2 mg/mL in 20 mM sodium citrate, pH 2.6 buffer, and then filtered with a 0.2 µm syringe filter prior to injection onto the FPLC system. A mono S HR 5/5 column (GE Healthcare) was used with a gradient buffer system consisting of A (20 mM sodium citrate, pH 2.6 buffer) and B, with 2 M NaCl. After washing steps, a linear gradient of NaCl salt concentration, from 0 to 2 M NaCl over 20 min, was employed to elute the PPCA from the column. Protein concentration was determined by monitoring the UV absorbance at 254 and 280 nm. MALDI-TOF was used to determine the molar mass of the compound in each of the fractions. The polydispersity index (PDI) of the protein sample was estimated by use of the peak in signal intensity data obtained in the MALDI analysis and using the standard equations for the weight-average molar mass and the number-average molar mass.
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Relaxivity. T 1 measurements were performed in triplicate using a Bruker mq60 NMR Analyzer (Bruker Canada, Milton, ON, Canada) at 60 MHz (1.5 T) and 37°C, at three concentrations. For each PPCA, the relaxivity was determined independently for three different batches of CAs that had been synthesized under the same conditions. Inductively coupled plasma atomic emission spectrometry (ICP-AES) was performed on a Varian VISTA-MPX ICP spectrometer (Palo Alto, CA) at Northwestern University's IMSERC, and was used to estimate the Gd(III) concentration in a given mass of protein-based CA. Relaxivity was determined by calculating the slope of 1/T 1 versus Gd(III) concentration. The data are reported as the mean ( standard deviation, using the results obtained for three different batches.
Phantom Images. K8-120 PPCA samples were prepared at different concentrations in a solution containing unmodified protein polymers at 9.4 wt % total protein polymer with 0.75 mM ethylenediaminetetraacetic acid (EDTA), 75 mM 4-morpholinepropanesulfonic acid (MOPS), and 7.5 mM CaCl 2 . Samples were imaged using a 4.7 T Bruker Biospec 4740 MR imager at Northshore University HealthSystem Research Institute using a volume coil without temperature control. A spin echo pulse sequence of TR ) 350 ms, TE ) 14.5 ms, 4 signal averages, and a 0.12 × 0.12 × 1 mm 3 resolution was used. To calculate T 1 s, a spin echo pulse sequence with multiple TRs was used with TE ) 12.5 ms, TR ) 100, 225, 350, 500, 675, 900, 1175, 1575, 2250, and 5000 ms, two signal averages, and a 0.12 × 0.12 × 1 mm 3 resolution. T 2 values were measured using a multiecho sequence with TR ) 3000 ms, TE ) 20 ms, then every 20 ms through 640 ms, two signal averages, and a 0.12 × 0.12 × 1 mm 3 resolution. Data were fit in Origin 7 (OriginLab Corporation, Northampton, MA) with a nonlinear curvefitting function, using the following equations:
where S TR0 and S TE0 are constants, S TRi is the signal intensity at a particular TR, and S TEi is the signal intensity at a particular TE. Regions of interest (ROI) were defined and average signal intensities across the ROIs were used in the curve fitting equations. T 1 and T 2 are reported as the value and standard deviation as determined from the curve fitting. After imaging, the Gd(III) concentration in the samples was analyzed by inductively coupled plasma mass spectrometry (ICP-MS) on a Thermo Electron Corporation (Waltham, MA) XSeriesII ICP-MS with Thermo PlasmaLab software. All Gd(III) standards and samples contained 5 ng/mL of a multielement internal standard (Spex CertiPrep, Metuchen, NJ) consisting of Bi, Ho, In, Li, Sc, Tb, Y, and 3% nitric acid (v/v).
Biodegradation. PPCAs were dissolved in 20 mM Tris, 150 mM NaCl, pH 7.5 buffer at 1.6 mg/mL. Plasmin was dissolved in the same buffer at 0.5 units/mL. The CAs were incubated with an equal volume of plasmin solution, or alone in a 37°C incubator. Aliquots were removed at 3, 6, and 24 h, immediately frozen with liquid nitrogen to inactivate the enzyme, and then stored at -20°C until further use. To assess degradation, the samples were boiled for 7 min with 1% (w/v) sodium dodecyl sulfate (SDS) and monitored by electrophoretic methods on a 12% SDS polyacrylamide gel (SDS-PAGE).
Cell Culture and Viability. MIN6 cells were cultured in DMEM containing 4.5 g/L glucose and L-glutamine, 3.4 g/L sodium bicarbonate, 5 µL/L -mercaptoethanol, 75 mg/L penicillin, 50 mg/L streptomycin, and 15% fetal bovine serum in a humidified incubator at 37°C and 5% CO 2 . Cells were plated in 24-well plates such that they reached approximately 80% confluency after growing overnight. PPCAs were dissolved in cell culture media and filtered with a 0.2 µm filter as a sterilization method. This stock solution was created at concentrations that we expected should yield a Gd(III) concentration of around 2 mM, but debris and weighing error may cause inaccuracies. The contrast agent stock was reserved for Gd(III) concentration measurement with ICP-MS on a computer-controlled Thermo Elemental (Waltham, MA) PQ ExCell inductively coupled plasma mass spectrometer. In addition to the stock solution concentration, two other concentrations were created by diluting the stock solution by 1/3 and 2/3 with culture media. The cells were incubated for 5 h with the three concentrations of contrast agent (total of 400 µL in each well) and each concentration was performed in triplicate.
After incubation with the contrast agent, the cell culture media was removed, and the cell monolayer was gently rinsed with phosphate buffered saline (PBS). A total of 0.2 µL of trypsin solution was added to each well and the plate was placed in the incubator for 1-5 min to allow the trypsin to detach the cells from the plate. Cells were suspended and placed into 1.5 mL microcentrifuge tubes. Cell suspension (20 µL) was combined with 180 µL of Guava ViaCount reagent (Guava Technologies, Hayward, CA), vortexed, and incubated at room temperature for 5 min. The Guava ViaCount Assay was then performed on the Guava EasyCite Mini Personal Cell Analyzer to obtain cell count and cell viability. The data are reported as the mean ( standard deviation for the three samples.
Statistical Analysis. Statistics were performed using Origin 7 (OriginLab Corporation, Northampton, MA) with a one-tailed, twosample t test and a significance level of 0.05.
Results
Contrast Agent Synthesis and Characterization. Protein polymer contrast agents were synthesized using five different protein polymers: K8-30, K8-60, K8-120 (which comprise 30, 60, and 120 repeats, respectively, of the amino acid sequence GKAGTGSA); K4-30 (30 repeats of GKGSGKGA), and K6-40 (40 repeats of GKGTGA; see Figure 1 ). The pH of the aqueous reaction solution that was used to conjugate the Gd(III) DO3A chelators to the lysines in the protein polymers was optimized, initially, using K8-30 protein. The number of Gd(III) chelators attached to the protein polymer was significantly higher at pH 6 and 7 than at pH 5 or 7.5 ( Figure S1 ). In all subsequent reactions, a pH of 6.5 was used. With this synthetic methodology, the conjugation efficiency was consistent with all of the protein polymers, and ranged from 23.2 to 28.0% (Tables 1 and 2 ). Cation exchange chromatography revealed that the K8-30 PPCA eluted in a single peak, less than 1 min wide ( Figure S2A ). MALDI analysis of the corresponding fractions indicated that the conjugate was present. We estimated a weight-average molar mass of 27384 Da, and a number- Figure 1 . Schematic illustration of the conjugation scheme that was used to produce the protein polymer-based contrast agents. Two examples are shown, one for a protein polymer backbone having lysines spaced every 4 amino acids and one in which the lysines are 8 amino acids apart. average molar mass of 27299 Da, which yields an estimated polydispersity index is 1.003 ( Figure S2B ). Contrast Agent Relaxivity. The T 1 was measured at 60 MHz and 37°C for a range of Gd(III) concentrations, to allow the calculation of T 1 relaxivities (concentration measured by ICP-AES). The relaxivity per Gd(III) increased with the number of monomer repeats, as demonstrated when comparing K8-30, K8-60, and K8-120 (Table 1 and Figure 2 ). Lysines were spaced eight amino acids apart, while the molar mass of the protein polymer varied from 21.7 to 78.4 kDa. The relaxivity per Gd(III) of K8-120 CA is the highest at 14.6 mM -1 s -1 , which is statistically significant compared to the K8-30 and K8-60 CAs (P < 0.01). This relaxivity value is about 3-5 times higher than that for clinically used small-molecule contrast agents such as 1,4,7,10-tetraaza cyclododecane-1,4,7,10-tetraacetic acid (DOTA) or diethylenetriaminepentaacetic acid (DTPA). 36 We found total relaxivities per CA molecule that were as high as 461.4 mM
, with approximately 32 Gd(III) chelates attached to the K8-120 protein polymer.
The relaxivities were compared between protein polymer CAs that had similar molar masses but different lysine spacing along the backbone. We obtained a significantly higher value of the relaxivity per Gd(III) for the protein polymer CA with the closest lysine spacing (four amino acids apart, P < 0.01; see Table 2 and Figure 3 ). The relaxivities per Gd(III) that we measured averaged 12.1, 9.1, and 8.8 mM -1 s -1 for K4-30, K6-40, and K8-30, respectively. MR Images. To create solution phantoms for MR imaging, K8-120 PPCA was prepared in a mixture of unmodified protein polymers. As shown in Figure 4 , there is a significant contrast enhancement as the Gd(III) concentration increases from 0.0 mM to 0.37 mM, and in the absence of Gd(III), the protein polymer sample is brighter than water. At the highest Gd(III) concentration, T 1 is 3.3 times lower and T 2 is 2.7 times lower than the values without Gd(III) ( Table 3) . As indicated by the ratio of T 1 /T 2 , there is proportionally less T 2 shortening at the highest concentration.
Biodegradation of the Protein Polymer Contrast Agents. All three of the PPCAs tested (K8-30, K8-60, and K8-120) were biodegradable by plasmin, a naturally occurring enzyme that cleaves on the carboxyl side of lysine residues ( Figure 5 ). When the PPCAs were incubated with plasmin, the intensity of the band demarcating the full-length contrast agent decreased over time, showing degradation of the PPCA. In the absence of plasmin, the intensity of the band remained approximately constant, indicating that plasmin is performing the digestion. While it has been shown prior to this that the protein polymers can be degraded by plasmin, 32 it was unknown whether or not derivatizing the protein polymer with Gd(III) chelators would inhibit protease action. These data indicate that degradation occurs, even with the modification of ∼25% of the lysines. It is unclear whether plasmin can recognize the modified lysines for digestion, or if it only cleaves next to the unmodified lysines. The SDS-PAGE results do not entirely explain the mechanism, as there are no distinct bands observed, other than the band for the full-length PPCA, with the others appearing as a "smear". This could be due to either (1) degradation into very small pieces that are too small for SDS-PAGE detection or (2) low enough concentrations at each molar mass such that they are not detected as distinct bands.
Cell Viability in the Presence of Protein Polymer Contrast Agents. The viability of MIN6 cells incubated with PPCAs for 5 h was tested using a Guava Viacount Assay. For CAs with each of the three protein lengths containing lysines spaced eight amino acids apart, the viability was greater than 90% ( Figure 6 ). For Gd(III) concentrations up to 2.1 mM, viability ranged between 93 and 97%. Preliminary data with cells incubated with K8-30 CA for up to 48 h showed similar results ( Figure S3 ). It is not expected that higher concentrations would be needed for in vivo applications. Highly cationic proteins and polymers have been previously shown to be cytotoxic, 37 but the density of the lysines in these PPCAs appears to be low enough to avoid harmful effects [∼25% are modified with a Gd(III) chelator].
Discussion
We have developed a family of high-relaxivity, multivalent bioconjugates through the aqueous chemical linking of DO3A-based Gd(III) chelators to lysine-containing, random-coil protein polymers. The monodisperse nature of genetically engineered, recombinantly expressed protein polymers enables us to explore the effect of varying the polymer sequence and length on its relaxometric properties. Furthermore, we have shown that these CAs are biodegradable and nontoxic, essential for progression to in vivo studies.
The protein polymers used in the construction of the PPCAs were chosen as a means to study the impact of the lysine spacing, while maintaining stable constructs. The protein sequence itself was designed to minimize protein-protein interactions through sequence and secondary structure and maintain solubility and stability. As shown previously, these protein polymers adopt random coil configurations in aqueous solution and have high water solubilities over a wide range of temperatures. 32 We designed the sequence to favor the tendency for a random-coil configuration to be adopted, by avoiding the inclusion of hydrophobic amino acids completely and including only positively charged amino acids (which repel each other ionically). We hypothesized that more complex amino acid sequences would be more likely to adopt other secondary structures such as R-helix and -sheet, at least locally, in which case the protein might collapse into a more dense configuration in water overall, which would lead to a decreased rotational correlation time or otherwise influence relaxivity and solubility.
PPCAs were synthesized in aqueous solution by amide bond formation between the primary amine on the lysine residues and the free carboxyl group on the Gd(III)-DO3A chelator. It was necessary to optimize the pH in the coupling reaction to maximize conjugation efficiency in the one-pot reaction. The amide bond formation reaction with Sulfo-NHS and EDC is a three-step process. 38 In the first step, an unstable reactive O-acylisourea ester intermediate is formed with the reaction of the EDC with the carboxyl group. Subsequently, the Sulfo-NHS group reacts with this intermediate to form a semistable aminereactive NHS ester. Lastly, the primary amine reacts with the semistable NHS ester to form a stable amide bond. The optimal pH of these reactions varies, with the NHS ester more stable at a lower pH (4.7-6.0), while at a higher pH, the amine is more nucleophilic and, thus, more reactive. An intermediate pH is necessary to obtain maximal conversion. The conversion of this (9), and K8-120 CA (2), all with lysines spaced eight amino acids apart. Viability is between 92 and 97% for all three PPCAs.
reaction is inherently limited since the unstable reactive Oacylisourea ester intermediate can be hydrolyzed to return the initial carboxyl moiety; therefore, the yield of amide bond formation in water will be much lower than in anhydrous organic solvents. Because the protein polymers are not soluble in organic solvents, amide bond formation is limited to aqueous conjugation.
As discussed earlier, increasing the rotational correlation time, τ R , significantly increases the relaxivity at low magnetic fields. 3 We believe that the increase in relaxivity per Gd(III) with higher molecular weight protein polymer backbones is due to a longer rotational correlation time. 3 As previously described by Caravan et al., attaching small Gd(III) chelators to proteins slows tumbling to increase relaxivity. 39 Other modes of rotation can decrease the impact of higher molecular weight, such as in linear polylysine where the flexible chains limit effective tumbling speed. 40 However, progressively higher molecular weight proteins with the same protein sequence, as shown here with K8-30, K8-60, and K8-120, should have correspondingly greater rotational correlation times.
The rotational correlation time is a combination of overall molecular tumbling and internal rotational flexibility of the conjugated Gd(III) moiety 41 so internal rotation of attached Gd(III) chelates also plays a critical role. 42 Based on the results of varying lysine spacing, we hypothesize that the four-aminoacid spacing between lysines results in steric hindrance of the Gd(III) chelators, increasing relaxivity. The proteins have a random coil secondary structure, such that the PPCA may take a globular formation where the different sections can come into contact with each other. As indicated in Figure 1 , when there is a higher density of lysines and, thus, a higher density of Gd(III) chelators, there is a greater probability of the chelators interacting with each other. If the chelators are close enough together, they can limit the flexibility and inhibit full rotation of the molecules to increase relaxivity.
The high relaxivity measured at 1.5 T is apparent on phantoms imaged at 4.7 T (Figure 5 ). At 0.37 mM Gd(III), the K8-120 CA displays significant contrast over water and the control, despite the somewhat diminished effect of longer rotational correlation times at higher magnetic fields. 41 Although in vivo contrast depends on a number of factors, the relaxation times demonstrated with 0.37 mM Gd(III) of the K8-120 PPCA would most likely be more than sufficient to visualize the area of interest in many tissues. Water and macromolecular content, adjacent fat, and the effective concentration in addition to the relaxivity of the contrast agent all influence the detected contrast. The protein-containing sample without any Gd(III) likely shows higher signal than water due to T 1 shortening of the water molecules resulting from their interaction with the macromolecular proteins.
Because the protein polymer CAs consist of naturally occurring amino acids, we hypothesized that they would be biodegradable by enzymes. Biodegradation was analyzed by incubating the PPCAs with plasmin, an enzyme naturally present in the blood that cleaves on the carboxyl side of lysine residues. This enzyme is naturally present in the blood and degrades many blood plasma proteins, particularly fibrin. Each of the three lengths of the PPCAs with lysines spaced eight amino acids apart (K8-30, K8-60, and K8-120) was cleaved by plasmin ( Figure 6 ). The increased degradation over time indicates that the enzyme continues to cleave the PPCA without dependence on length. No full length PPCA remains after 24 h of incubation. The random coil configuration of the proteins likely provides easier plasmin access than proteins with other types of secondary structure. There may be some interactions between protein polymer strands, but the high stability of the proteins indicates any attractions would be weak. The lower resistance to rearranging conformations would facilitate exposure to enzymes. Although this experiment does not accurately represent an in vivo scenario in terms of complexity, the plasmin concentration approximately corresponds to the physiological concentration of its precursor plasminogen in serum. 43 Incubation of the PPCAs with trypsin, a less-selective enzyme that cleaves on the carboxyl side of lysine residues, also showed degradation ( Figure S3 ), suggesting potential for degradation by other enzymes as well as through general hydrolysis. With multiple possible routes of degradation, these CAs will likely degrade in vivo and be efficiently cleared from the body. These PPCAs may avoid the safety concerns of synthetic macromolecular CAs.
Because these PPCAs degrade, they can be incorporated into degradable hydrogels for fate mapping. Biomaterial degradation is an important parameter in tissue engineering where ideally a hydrogel degrades at the rate of tissue ingrowth and, in controlled release drug delivery, where the degradation rate determines available drug concentration. 44, 45 We have shown that the PPCAs can be covalently cross-linked into protein polymer hydrogels and demonstrate higher signal than a control without PPCA. 33 Additionally, the remaining free amines are available for cross-linking into other biomaterials with aminereactive functional groups.
The PPCAs are uniquely positioned for use in contrastenhanced angiography due to the ability to control the protein polymer length and sequence. Others have shown improved performance of macromolecular contrast media over small molecule CAs, such as Gd(III)-DTPA and Gd(III)-DOTA, in imaging vasculature. Various macromolecular blood pool agents have displayed increased contrast and ability to distinguish blood vessels over small molecule CAs, including albumin-Gd-DTPA, Gadomer, and polydisulfide agents. [46] [47] [48] However, larger macromolecular CAs have restricted diffusion that can prevent effective imaging, as shown when comparing a 6.47 kDa CA to a 52 kDa CA. 22 Protein-binding agents are small molecules that have high diffusion but can bind to proteins such as albumin to increase their relaxivity. Both protein-binding agents B-22956/1 and recently clinically approved MS-325 display increased contrast without restricted diffusion, but they are bound through noncovalent interactions. 49, 50 The PPCAs with covalently attached Gd(III)-DO3A can be synthesized with varying properties to create a balanced agent with high relaxivity and appropriate molecular weight to be customized to different clinical diagnostic applications.
Conclusion
This new family of protein polymer contrast agents may have the potential to enable in vivo biomaterial fate mapping due to its high relaxivity, biodegradability and, apparently, low cytotoxicity. As shown here, the relaxivity of the CAs depends on the molar mass and amino acid sequence of the protein polymer backbone. By the use of monodisperse protein polymers as the scaffolding entities, the properties of these CAs can be controlled, which may favor their eventual clinical use. Furthermore, due to the multivalent nature of the chemically reactive lysine monomers on these PPCAs, they can serve as a useful, general scaffold that can be decorated with a variety of small biological moieties (e.g., polypeptides) to create CAs targeted to certain types of cells or tissues.
